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Kainate and �-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid (AMPA) receptors are two major, closely related
receptor subtypes in the glutamate ion channel family. Excessive
activities of these receptors have been implicated in a number of
central nervous system diseases. Designing potent and selective
antagonists of these receptors, especially of kainate receptors, is
useful for developing potential treatment strategies for these
neurological diseases. Here, we report on two RNA aptamers
designed to individually inhibit kainate and AMPA receptors.
To improve the biostability of these aptamers, we also chemi-
cally modified these aptamers by substituting their 2�-OH group
with 2�-fluorine. These 2�-fluoro aptamers, FB9s-b and FB9s-r,
were markedly resistant to RNase-catalyzed degradation, with a
half-life of �5 days in rat cerebrospinal fluid or serum-contain-
ing medium. Furthermore, FB9s-r blocked AMPA receptor
activity. Aptamer FB9s-b selectively inhibited GluK1 and GluK2
kainate receptor subunits, and also GluK1/GluK5 and GluK2/
GluK5 heteromeric kainate receptors with equal potency. This
inhibitory profile makes FB9s-b a powerful template for devel-
oping tool molecules and drug candidates for treatment of neu-
rological diseases involving excessive activities of the GluK1 and
GluK2 subunits.

Developing selective antagonists against kainate receptors is
significant for the following reasons. Kainate receptors are a
subtype of the ionotropic glutamate receptor family, which also
includes N-methyl-D-aspartate (NMDA)2 receptors and �-ami-
no-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) re-
ceptors (1–4). Ionotropic glutamate receptors mediate the
majority of excitatory neurotransmission in the mammalian
central nervous system (CNS), and they are essential for brain
development and function (1). At the receptor subtype level,
AMPA and NMDA receptors have been implicated in a number
of CNS diseases and disorders, such as epilepsy, pain, stroke,
and neurodegenerative diseases (5–8). However, the role of

kainate receptors in the CNS and CNS diseases is the least
understood, as compared with either AMPA or NMDA recep-
tors (3). This is mainly attributed to a lack of selective pharma-
cological ligands and tool molecules targeting kainate receptors
(9). Furthermore, kainate and AMPA receptors are more
closely related, as compared with NMDA receptors, in both
protein sequences and structures (2, 3). Unlike AMPA recep-
tors, however, kainate receptors are expressed not only post-
synaptically, where they mediate excitatory neurotransmission,
but also presynaptically, where they play a modulatory role in
neurotransmission, such as in neurotransmitter release and
neuronal excitability (4, 10). Functional kainate receptors are
thought to be tetramers and can be assembled from five sub-
units, GluK1–5. GluK1–3 share 75– 80% amino acid sequence
homology, whereas their similarity to GluK4 –5 is only 40%, and
the sequence identity is 68% between the latter two (11–13).
Each of the GluK1–3 subunits is capable of forming homomeric
channels (11, 14, 15). In contrast, GluK4 –5 require hetero-
meric assembly with GluK1–3 to form functional channels (12).
Thus, developing kainate receptor-selective antagonists would
provide us with the ability to selectively control and regulate the
activity of kainate receptor subtype in vivo.

Most of the compounds and antagonists that have been
developed select the GluK1 subunit (9, 16, 17). Some of these
GluK1 antagonists, however, inhibit receptors containing the
GluK3 subunit (18) and exhibit even appreciable activities
toward AMPA receptors (9, 19). To date, virtually no com-
pounds are selective to the GluK2 subunit (9, 17). In fact, com-
pounds that inhibit GluK2 actually show higher potency toward
GluK1 (9). Earlier studies have shown that in the developing
brain, GluK1 is highly expressed (20 –23). However, in the
mature brain, the GluK1 subunit is predominantly expressed in
hippocampal interneurons and cerebellar Purkinje cells,
whereas the GluK2 subunit is highly expressed throughout the
brain (24, 25). Furthermore, GluK2/GluK5 heteromeric recep-
tor is the most abundant kainate receptor in the brain (25).
Studies have also implicated that GluK2 and GluK2/GluK5
kainate receptors are associated with schizophrenia (25, 26),
temporal lobe epilepsy (27–30), and bipolar disorder (31).
Despite a high potential of targeting GluK2 and/or GluK2/
GluK5 for therapeutic intervention, developing potent antago-
nists for GluK2 and GluK2/GluK5 has thus far met with signif-
icant difficulties. It should be noted that the full-length GluK2
complexed with an agonist has been determined by the use of
cryo-EM at 7.6 Å resolution (32), although the GluK2 structure
is thought to reflect a desensitized channel (17). However, no
crystal structure of GluK2 bound with any antagonist has been
reported. Therefore, generating small-molecule compounds as

This work was supported by National Institutes of Health/NINDS Grant R01
NS060812 and R21 NS106392 (to L. N.). The authors declare that they have
no conflicts of interest with the contents of this article. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

This article contains Figs. S1–S3.
1 To whom correspondence should be addressed: Dept. of Chemistry, LSRB

1060, University at Albany, SUNY, Albany, NY 12222. Tel.: 518-591-8819;
Fax: 518-442-3462; E-mail: lniu@albany.edu.

2 The abbreviations used are: NMDA, N-methyl-D-aspartate; AMPA, �-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid; CNS, central nervous sys-
tem; CSF, cerebrospinal fluid; SELEX, systematic evolution of ligands by
exponential enrichment; DMEM, Dulbecco’s modified Eagle’s medium;
ANOVA, analysis of variance; HSD, honestly significant difference.

croARTICLE

6280 J. Biol. Chem. (2020) 295(19) 6280 –6288

© 2020 Jaremko et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://www.jbc.org/cgi/content/full/RA119.011649/DC1
mailto:lniu@albany.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.011649&domain=pdf&date_stamp=2020-3-11


potential drug candidates targeting GluK2 or GluK2-contain-
ing channels by the use of structure-based ligand discovery has
been just as elusive.

Here we report an RNA inhibitor or RNA aptamer, termed
AB9s-b. This aptamer shows a micromolar potency in inhibit-
ing the GluK2 kainate receptor subunit and also GluK2/GluK5
channels. AB9s-b has been derived from aptamer AB9 origi-
nally discovered from a large RNA library (�1014 sequence
variations) by the use of systematic evolution of ligands by
exponential enrichment (SELEX) (33, 34). RNA aptamers as
potential regulatory agents and drug candidates have some
unique properties as compared with traditional, small-mole-
cule compounds (35–37). RNA aptamers are water-soluble and
in general show higher potency and selectivity. To make these
RNA aptamers amenable for in vivo use, we have also developed
its chemically modified aptamer, FB9s-b, with satisfactory in
vitro stability in the presence of ribonucleases, as in cerebrospi-
nal fluid (CSF).

Results

Experimental procedures

As an alternative to synthetic chemistry, which yields small
molecule inhibitors, we have previously used SELEX to “evolve”
RNA molecules bound to target from a large library (�1014

sequence variations). In particular, we have isolated a class of
potent aptamers targeting AMPA receptors (38 –41), including
a GluA2 subunit-selective RNA aptamer (40). In these SELEX
experiments, we expressed an AMPA receptor in human
embryonic kidney (HEK-293) cells and used the membrane
fragments that contain AMPA receptors as the target. A typical
SELEX operation in our case involves about a dozen of cycles,
and each cycle is composed of RNA binding, elution of the
bound RNA molecules, RT-PCR, and regeneration of an
enriched RNA library for the next cycle (33, 34). Eventually,
molecular cloning and sequencing technique can be used to
identify the RNA molecules evolved from these repeated cycles
of enrichment. RNAs that exhibit identical or virtually identical
sequences are candidates of functional importance. We then
carry out a functional assay to screen all of these candidate
RNAs to identify those that are capable of inhibiting the target.
Despite our success in using SELEX to isolate desired AMPA
receptor RNA aptamers, as described above, we have not yet
been able to reproduce our success in isolating useful RNA
aptamers against GluK2 kainate receptor.3

In the current study, we decided to use a recently isolated
RNA aptamer with dual activities on both AMPA and kainate
receptors (41) to develop kainate receptor aptamers, instead of
continuing with SELEX and a large RNA library to search for a
random sequence that may or may not act as a kainate receptor
inhibitor. The aptamer with the dual activity, termed AB9s, is a
functionally active RNA with 55 nucleotides derived from its
parent RNA or AB9 aptamer with 101 nucleotides (41). During
the truncation of the original or full sequence to generate the
minimal but functional sequence, we noticed two main, sec-
ondary sequence segments or domains, which we indicate as

red and blue sequences (Fig. 1A). We have also found that some
RNA sequences between the two domains can be removed
without affecting the function of the shorter RNAs (41). There-
fore, we hypothesized that each domain acts independently. As
such, two single-domain RNA mutants would function sepa-
rately in inhibiting AMPA and kainate receptors. In other
words, one mutant would only inhibit AMPA, whereas the
other mutant would only inhibit kainate receptors.

To test this hypothesis, we created two mutants, termed
AB9s-r and AB9s-b, based on the sequence and the MFold-
predicted structure of AB9s (Fig. 1, A and B). In constructing
these two mutants, we also used the MFold program (42) to
ensure that a mutant was still able to uphold the same second-
ary structure as the original AB9s (see Fig. 1B and its legend for
additional description). We reasoned that both the sequence
and the secondary structural motif that surrounds a stretch of
the sequence would be essential for the function of the mutant
RNA. As shown in Fig. 1, the resulting Mfold structure of
AB9s-b is similar to that of AB9s. However, a different set of
sequences had to be used to keep the blue region in AB9s-r the
same fold as in AB9s. We then characterized the impact of
individual mutations, by using whole-cell recording, on a panel
of NMDA, AMPA, and kainate receptor subunits.

Enzymatic transcription for preparing AB9s-b and AB9s-r and
functional assay

AB9s-b and AB9s-r, along with AB9s, were prepared by enzy-
matic transcription. Each RNA was purified using a PAGE col-
umn (43). The putative activity of an RNA was characterized
using whole-cell recording with HEK-293 cells expressing indi-
vidual subunit of glutamate ion channel receptors. As shown by
a pair of representative glutamate-induced whole-cell current
traces, the amplitude of whole-cell current response was
reduced in the presence of a functional aptamer inhibitor.
Based on the ratio of the whole-cell current amplitude in the
absence and presence of an aptamer, A/A(I), as a function of
aptamer concentration, we further determined the inhibition3 J. S. Park, Z. Huang, and L. Niu, unpublished data.

Figure 1. Sequences and secondary structure of AB9s, AB9s-b, and
AB9s-r. A, RNA sequences of aptamers AB9s, AB9s-b, and AB9s-r. The 2�-F–
modified versions of these aptamers, termed FB9s, FB9s-b, and FB9s-r, share
the same sequences. B, secondary structures of these aptamers, predicted by
MFold.
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constant, KI, by using Equations 1 and 2 (“Experimental proce-
dures”). It should be noted that at a lower concentration of
glutamate, most of the receptors in a receptor population would
be in the closed-channel state, whereas at a saturating concen-
tration of glutamate, virtually all the receptor channels would
be in the open-channel state (44). As such, by using different
glutamate concentrations, we were able to determine the
potency of an aptamer for both the closed- and the open-chan-
nel state or form. For example, KI for AB9s-r with the closed-
channel state of GluA2Qflip was found to be 4.1 � 0.5 �M (Fig.
2B, left panel, solid symbols). However, AB9s-r did not inhibit
the open-channel state of GluA2Qflip AMPA receptor (Fig. 2B,
left panel, open symbols). The KI values for AB9s-b for the open-
and closed-channel states of the GluK1 kainate receptor were
estimated to be 3.2 � 0.3 and 3.9 � 0.3 �M, respectively (Fig. 2B,
right panel).

Unique subtype selectivity of AB9s-b and AB9s-r versus dual
activity of AB9s

The selectivity of AB9s-b and AB9s-r were characterized
against a panel of glutamate ion channel subunits and subtypes
(Fig. 3). Shown also on the right of each panel of Fig. 3 is whole-
cell current response of a representative receptor to glutamate
in the absence and presence of an aptamer. The results, repre-
sented by A/A(I) value, showed that AB9s-r preferred AMPA
receptors (Fig. 3A), whereas AB9s-b selected kainate receptors
(Fig. 3B). As expected, neither AB9s-b nor AB9s-r showed any
activity on NMDA receptors (Fig. 3C). Furthermore, AB9s-b
inhibited not only the homomeric kainate receptor channels
assembled from the GluK1 subunit and separately the GluK2
subunit but also the heteromeric channels assembled from

Figure 2. Representative whole-cell recording assay of AB9s-r and
AB9s-b and estimate of inhibition constant on representative receptors.
Selected A/A(I) plot versus aptamer concentration for AB9s-r and AB9s-b as
well as representative whole-cell traces are shown. A, displayed are a pair of
representative whole-cell current responses of GluA2Q to 0.1 mM glutamate
in the presence and absence of 2 �M AB9s-r (left panel) and the whole-cell
current responses of GluK1 to 0.05 mM glutamate in the absence or presence
of 2 �M AB9s-b (right panel). The current amplitude was obtained from whole-
cell recording with GluA2Q and GluK1, expressed in HEK-293 cells. B, the inhi-
bition constant, KI, of AB9s-r was determined from the A/A(I) plot versus
aptamer concentration, using Equations 1 and 2 (“Experimental procedures”),
to be 4.1 � 0.5 �M for the closed-channel state of GluA2Q (solid symbols, left
panel). Likewise, the KI values of AB9s-b were estimated to be 3.2 � 0.3 and
3.9 � 0.3 �M for the open-channel (open symbols, right panel) and the closed-
channel (solid symbols, right panel) states of GluK1, respectively.

Figure 3. Selective inhibition of glutamate receptor subunits by AB9s-r
and AB9s-b. The inhibition is represented by the A/A(I) ratio or the ratio of
whole-cell current amplitude in the absence, A, and the presence of 2 �M

aptamer, A(I). For each of the receptor subunits and types, the glutamate
concentration was chosen to be equivalent to �4% and �95% fraction of the
open channels. Specifically, the glutamate concentration was 0.05 mM for the
closed-channel form and 3 mM for the open-channel form for GluA1/2R and
GluA1, 0.5 and 10 mM for GluA3, and 0.1 and 3 mM for GluA4. The kainate
receptors were tested at 0.05 mM glutamate for closed-channel and 3 mM for
the open-channel forms. The difference between open- and closed-channel
states was determined with a two-sample, two-tailed Student’s t test. Error
bars indicate standard deviation from the mean, and all results are based on at
least three measurements. A, AB9s-r shows preferential inhibition toward
AMPA receptor subunits (red labels) over kainate receptor subunits. Shown on
the right are representative whole-cell current responses of GluA1 to gluta-
mate in the absence and presence of aptamer AB9s-r. At the low glutamate
concentration, the kdes values of GluA1 in the presence and absence of the
aptamer were estimated to be 131 � 9 and 127 � 8 s�1, respectively. At high
glutamate concentration, the kdes values with and without the aptamer are
166 � 8 and 160 � 8 s�1, respectively. One-way ANOVA with post hoc Tukey
HSD test analysis comparing closed-channel and the open-channel AMPA
and kainate A/A(I) values shows p levels of 0.00042 and 0.06310, respectively.
B, AB9s-b shows preferential inhibition toward kainate receptor subunits
(blue labels) over AMPA receptors. Also shown on the right is a pair of repre-
sentative whole-cell current responses of GluK2 to glutamate in the absence
and presence of aptamer AB9s-b. At low glutamate concentration, kdes values
of 40 � 2 and 38 � 4 s�1 were determined for GluK2 with and without the
aptamer. At high glutamate concentration, we found kdes to be 226 � 7 and
214 � 13 s�1 with and without AB9s-b. One-way ANOVA with post hoc Tukey
HSD test analysis comparing closed-channel AMPA and kainate A/A(I) values
has p � 0.00001. One-way ANOVA with post hoc Tukey HSD test analysis
comparing the open-channel AMPA and kainate A/A(I) values resulted in p �
0.00036. C, the specificity against NMDA channels was tested at a concentra-
tion of 5 �M glutamate for GluN1a/2B and 50 �M glutamate for GluN1a/2A.
Neither AB9s-r (gray columns) nor AB9s-b (black columns) significantly inhib-
ited the NMDA channels, as seen in the pair of representative whole-cell cur-
rent response of GluN1a2B in the absence and presence of AB9s-b. From
these traces, we estimated the kdes values to be 4 � 0.3 and 4 � 0.4 s�1,
respectively, with and without AB9s-b.
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GluK5 with GluK1 and separately GluK2 subunits. It should be
noted that GluK5 cannot form a functional, homomeric chan-
nel on its own (12, 13). On the other hand, AB9s-r exhibited no
appreciable kainate receptor activity, but it inhibited all four
AMPA receptor subunits (Fig. 3A). As compared with AB9s,
which contains both the blue and the red sequence segments
and shows activities on both the AMPA and kainate receptors
(41), the two sequence segments, when they are individually
presented with a similar secondary structure as the parent
aptamer AB9s (Fig. 1, A and B), now exhibit distinct subtype
selectivity. These results have shown that the hypothesis we
proposed is valid. In other words, the two sequence segments
encode separate, distinct subtype inhibitory activity. It should
be emphasized that AB9s-b inhibited equally potently both
GluK1 and GluK2 homomeric channels and also their respec-
tive heteromeric channels with the GluK5, i.e. GluK1/GluK5
and GluK2/GluK5 (Fig. 3B). This type of the inhibitory profile
has not been previously reported.

Enzymatic transcription for preparing 2�-fluoro–modified
FB9s-r and FB9s-b

A natural or regular RNA aptamer is degraded quickly
through the RNase-catalyzed cleavage of phosphodiester bonds
in the RNA backbone. Ribonucleases are very abundant in bio-
logical fluids, including CSF. For instance, the half-life (t1⁄2) of
the degradation of RNA in human blood is typically only a few
minutes (45, 46). However, chemical modifications at the 2�
position in the ribose sugar is known to enhance nuclease sta-
bility (47–49). In serum, for instance, RNase A targets the
2�-OH group of the ribopyrimidines and cleaves the phos-
phodiester bond in the sugar-phosphate backbone of RNA
strands (50, 51). One of the commonly used chemical modifi-
cations is the 2�-fluoro substitution of the 2�-OH group (47–
49). To make our RNA aptamers suitable for in vivo use, we
chose to replace every 2�-OH group with 2�-fluorine at U, A,
and C positions, while leaving the G (guanine) positions
unmodified. This was to ensure that the first two nucleotides
after the promoter site be canonical GG (or CC in the template
strand) so that enzymatic transcription reaction could still pro-
ceed with a reasonable yield (52). Experimentally, we made two
2�-fluoro–modified RNA aptamers, i.e. FB9s-r and FB9s-b, by
transcribing them in the presence of the 2�-fluoro NTPs (i.e.
2�-F-A, 2�-F-C, and 2�-F-U). FB9s-r and FB9s-b shared the
same corresponding sequences with unmodified, regular RNA
aptamers, AB9s-r and AB9s-b (Fig. 1). Each of the modified
aptamers was purified by PAGE, the same way we purified its
regular aptamer counterpart.

Functional characterization of selectivity of FB9s-r and FB9s-b
using whole-cell recording

As shown with whole-cell current response of a representa-
tive receptor to glutamate in the absence and presence of an
aptamer (Fig. 4), FB9s-r only blocked AMPA receptor channels,
whereas FB9s-b only inhibited kainate receptors (Fig. 4, A and
B). Neither aptamer showed any appreciable activity against
NMDA receptors (Fig. 4C). These results are similar to those
for the corresponding unmodified aptamers (Fig. 3). We further
estimated the KI or the potency for these receptors. The KI for

FB9s-r against GluA2 was calculated to be 5.1 � 0.3 against the
closed channel (Fig. 5A). The KI for FB9s-b was found to be
3.0 � 0.1 �M for GluK2 closed-channel form only, because this
aptamer only inhibited the closed-channel form of GluK2 (Fig.
5B). All of these data demonstrated that these two fluorinated
aptamers, i.e. FB9s-b and FB9s-r, maintained the desired sub-

Figure 4. Selective inhibition of glutamate receptor subunits by FB9s-r
and FB9s-b. For each 2�-F–modified aptamer, the A/A(I) ratio was collected in
the presence of 2 �M aptamer. The glutamate concentrations used for the
assay with these receptor subunits were the same as those for unmodified
aptamers (see the legend for Fig. 3). Significance between AMPA and kainate
receptors was analyzed via a one-way ANOVA. The difference between open-
and closed-channel forms was determined with a two-sample, two-tailed
Student’s t test. Error bars indicate standard deviation from the mean, and all
results are based on at least three measurements. A, FB9s-r preferentially
inhibited AMPA over the kainate receptor subtype. A one-way ANOVA with
post hoc Tukey HSD test analysis comparing the mean A/A(I) values for AMPA
and kainate receptor subunits in the open-channel and the closed-channel
conformation of FB9s-r yielded p � 0.00422 and p � 0.00527, respectively.
Furthermore, from whole-cell current responses of GluA1 as a representative
receptor, shown on the right, we estimated the kdes values of GluA1 to be
121 � 17 and 125 � 6 s�1 with and without the aptamer at low glutamate
concentration. At high glutamate concentration, the kdes values of GluA1
were estimated to be 221 � 8 and 240 � 11 s�1 with and without aptamer
FB9s-r. B, FB9s-b selectively inhibited kainate over AMPA receptors. Two pairs
of representative traces are shown on the right. A one-way ANOVA with post
hoc Tukey HSD test analysis comparing the mean A/A(I) values for AMPA and
kainate receptor subunits in the open-channel and the closed-channel con-
formation of FB9s-b yielded p � 0.00136 and p � 0.00001, respectively. Fur-
thermore, at low glutamate concentration, the kdes values of GluK1 were
found to be 156 � 16 and 146 � 14 s�1, respectively, with and without the
aptamer. At high glutamate concentration, kdes values of 202 � 5 and 221 �
9 s�1 were estimated, respectively, in the absence and presence of the
aptamer. C, neither aptamer showed significant inhibition of NMDA channels,
as shown on the right by a pair of representative whole-cell current response
of GluN1a2B with and without FB9s-b; the kdes values were found to be 4 � 0.1
and 4 � 0.2 s�1, respectively.
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type selectivity, despite the fact that both aptamers contain a
significant amount of noncanonical nucleotides. Both FB9s-b
and FB9s-r further exhibited similar potency, as compared with
their regular RNA aptamer counterparts (Fig. 3).

In vitro stability of FB9s-b and FB9s-r in cerebrospinal fluid
and serum medium

The putative in vitro stability of FB9s-b and FB9s-r was
assessed in two types of RNase-containing media, i.e. rat CSF
and a serum medium, i.e. Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, which we
used for cell culture. We reasoned that if these aptamers are
used in vivo as potential CNS drug candidates, they would have
to be exposed at least to CSF. Both CSF and serum contain
ribonucleases (45). Thus, characterizing the half-life of FB9s-b
and FB9s-r in both fluids would reveal their putative stability
and the suitability of using these aptamers in vivo.

Using PAGE to follow an intact aptamer, we found that
FB9s-r and FB9s-b both showed a t1⁄2 of �5 days in CSF (Fig. 6,
A and B), when the temperature of the digestion reaction was
held at 37 °C. In the serum-containing medium, FB9s-r and
FB9s-b exhibited a similar stability, i.e. t1⁄2 � 4 days (Fig. 6, C and
D). As a control, unmodified RNA aptamers AB9s-b and
AB9s-r, along with AB9s, were degraded virtually completely,
even after just a few minutes at 37 °C in either CSF or serum-
containing medium (Fig. S1). Furthermore, FB9s, the chemi-
cally modified, predecessor RNA aptamer for FB9s-r and
FB9s-b, also showed a prolonged stability, as expected, with
a similar t1⁄2 to FB9s-r and FB9s-b in either CSF or serum-
containing cell culture medium (Fig. S2). Together, these
results have shown that by replacing the 2�-OH group with

2�-F on all A, C, and U positions, while leaving all G positions
unmodified, we have already significantly improved the sta-
bility of the resulting RNA aptamers or their resistance to
RNase-catalyzed degradation.

Discussion

Here we report two new RNA aptamers: one targets kainate
receptor selectively, and the other selectively inhibits AMPA
receptors. We further report that their chemically modified
counterparts with a mixture of 2�-fluro pyrimidines and
purines show the same potency (i.e. KI � 2–3 �M) and main-
tains the same desired selectivity as the unmodified aptamers
but with much extended stability (i.e. t1⁄2 changes from a few min
to 4 –5 days). Therefore, the two, 2�-F–modified aptamers are
suitable for in vivo use.

In terms of improved stability due to 2�-F modification, both
FB9s-b and FB9s-r have a longer t1⁄2 than Macugen (pegaptanib),
a Food and Drug Administration–approved RNA aptamer drug
for treatment of macular degeneration (53, 54). In serum,
Macugen has a t1⁄2 of 9.3 h (55). The higher stability of our

Figure 5. Determination of inhibition constant, KI, for FB9s-b on GluK2
kainate receptor (A) and FB9s-r on GluA2 AMPA receptor (B). Neither
aptamer inhibited the open channel state of its respective receptor. The KI
was determined from the A/A(I) plot as a function of aptamer concentration
using Equations 1 and 2. Specifically, from A (left panel), the KI of FB9s-r was
estimated to be 5.1 � 0.3 �M for Glu2Q AMPA receptor (precisely, the closed-
channel state). Also shown on the right is a pair of representative whole-cell
current responses of GluA2Q to 0.1 mM glutamate in the presence and
absence of 2 �M FB9s-r. From B (left panel), the KI of FB9s-b was determined to
be 3.0 � 0.1 �M for GluK2 kainate receptor (precisely, the closed-channel
state). Shown in the right panel is a pair of representative whole-cell current
responses of GluK2 to 0.05 mM glutamate in the presence and absence of 2 �M

FB9s-b.

Figure 6. Stability of FB9s-r (A) and FB9s-b in rat CSF (B) and the stability
of FB9s-r (C) and FB9s-b (D) in serum medium. The degradation reaction for
an aptamer in triplicate was kept at 37 °C in rat CSF (A and B) or fetal bovine
serum-containing DMEM (C and D). PAGE was used to visualize the time
course of the RNase-catalyzed degradation of an aptamer sample; the arrow
on the left of a representative PAGE image represents the full-length aptamer.
The digitized band intensity, which was the average of the three experiments,
is plotted on the right, where the time at which 50% of the sample was
degraded (t1⁄2) was estimated to be �5 days for both FB9s-b and FB9s-r in rat
CSF. In serum medium, the t1⁄2 for both FB9s-b and FB9s-r was estimated to be
�4 days.
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aptamers is especially noteworthy, given the fact that FB9s-r
and FB9s-b still have 16 and 12 Gs or 29% and 22% unmodified
positions, respectively, among the 55 nucleotides in their
sequences (Fig. 1). Macugen, however, has been heavily chem-
ically modified. Among the 27 nucleotides in Macugem, only
two are unmodified or 93% of its nucleotide positions are mod-
ified, including every U and C nucleotide position, which is
substituted with the corresponding 2�-F–modified analog. Fur-
thermore, our stability results suggest that both FB9s-b and
FB9s-r should be suitable for animal testing, for instance, with-
out further modification. If necessary, the stability of the two
aptamers could be further improved by, for instance, solid-state
synthesis. Such a strategy can replace some or even all of the
regular G positions.

A significant finding from this study is that FB9s-b not only is
a potent and selective inhibitor of kainate receptors but also
inhibits GluK1 and GluK2 and their respective GluK5 complex
channels equally potently. Of note, developing kainate recep-
tor-selective antagonists has been challenging, especially those
antagonists that are selective to the GluK2 subunit. Over the
last few decades, kainate receptor selective antagonists and ago-
nists have been synthesized, but these agents are generally only
selective to the GluK1 subunit and GluK1-containing kainate
receptors (9). The utility of subunit-selective, kainate receptor
antagonists has been clearly demonstrated in the case of GluK1
for its involvement in a number of neurological diseases (56 –
60). Therefore, FB9s-b may now be used as a potential drug
candidate for these neurological diseases involving GluK2 and
GluK2/GluK5.

In vivo co-application of the two aptamers, FB9s-b and
FB9s-r, with varying proportions, may be also therapeutically
useful. It is known that epilepsy, stroke, and amyotrophic lateral
sclerosis have all been linked to excessive activity/elevated sur-
face expression of both AMPA and kainate receptors (29,
61–64). The roles of AMPA and kainate receptors have also
been identified to locate outside of the CNS, such as their
expression in human arthritis tissue (65). In rat models of anti-
gen-induced arthritis, the use of the AMPA/kainate receptor
antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo	f
quino-
xaline (NBQX) has been shown to reduce pain, inflammation,
and joint degeneration (65). Currently, most of these small mol-
ecule compounds, such as NBQX, suffer from several serious
limitations, such as poor water solubility and lack of subtype
and/subunit selectivity (66 –68). RNA aptamers are water-sol-
uble by nature and may provide a powerful alternative to small
molecule compounds.

From RNA structure–function point of view, we can draw
two conclusions based on our results from this study. First, the
parent RNA molecule, namely AB9s, can be functionally
decoupled to generate the AB9s-b/AB9s-r pair. That AB9s-b,
which contains only a single stretch of sequence or blue
sequence, possesses a similar potency on both GluK1 and
GluK2, as compared with AB9s, which contains additionally the
red sequence for AMPA receptors, suggests that both the blue
and red sequences can function independently. Second, sepa-
rate chemical modifications of the blue and red sequences have
yielded FB9s-b and FB9s-r, strictly based on the corresponding
sequences of AB9s-b and AB9s-r. More importantly, these two

chemically modified RNA aptamers have inherited or retained
the individual subtype selectivity with essentially the same
potency, as compared with the corresponding, unmodified
counterparts. This result is, again, consistent with the notion
that the blue and the red sequences function entirely indepen-
dently. In fact, FB9s, which is the chemically modified parent
molecule AB9s, shows a broad inhibition of both the AMPA
and the kainate receptors (Fig. S3), similar to AB9s (41). This is
entirely predictable because FB9s, like AB9s, contains both the
blue and red sequence motifs. Furthermore, it is assumed that
the secondary structures of the blue and the red sequence
motifs in the overall structural framework of AB9s are also
important in retaining the functionality of the resulting chem-
ically modified aptamers.

Based on the fact that we are apparently able to decouple the
subtype selectivity of AB9s and FB9s as well without reducing
their respective potencies against the intended subtypes, we
predict that FB9s-b can now be used as a unique structural
template in that mutations can be made within the blue
sequence region alone for developing newer aptamers with
potentially single subunit selectivity. In particular, we are hope-
ful that newer aptamers could be generated to uniquely select
the GluK2 subunit without any appreciable effect on GluK1.
Such an inhibitor does not exist today. Therefore, designing
mutant aptamers based on the FB9s-b sequence motif could be
a viable approach toward meeting that goal.

Experimental procedures

Transcription and purification of 2�-fluoro aptamers

Regular RNA aptamers and 2�-fluoro–modified aptamers
were transcribed overnight at 37 °C using WT T7 RNA poly-
merase and a T7 RNA polymerase mutant, Y639F/H784A,
respectively. 2�-ATP, 2�-CTP, and 2�-UTP used for making
chemically modified aptamers were purchased from TriLink
BioTechnologies. An aptamer sample was purified, using a
cylindrical PAGE apparatus (43) under a denatured condition.
The RNA elution was monitored at 254 nm, and the pooled
fractions were concentrated using an Amicon filtration centri-
fuge tube (3-kDa molecular mass cutoff). The Tris– borate–
EDTA acid buffer in the sample was exchanged with extracel-
lular buffer for cell assay (see below), and the concentration of
the RNA sample was determined using a Nanodrop 1000
spectrophotometer.

Cell culture, transient receptor expression, and whole-cell
recording

Each of the glutamate receptors was transiently expressed in
HEK-293S cells (41). The cDNAs encoding the rat GluA1– 4
AMPA receptors, GluK1 and GluK2 kainate receptors, and
NMDA receptors GluN1a/2A and GluN1a/2B were prepared
as described (38 –40). The cell line was maintained in DMEM
supplemented with 10% fetal bovine serum in the presence of
1% penicillin in a 37 °C, 5% CO2, humidified incubator. The
receptors were co-transfected with large T-antigen, whereas
those used for recording were also co-transfected with the plas-
mid encoding green fluorescent protein. After 48 h, the trans-
fected cells were used for electrophysiology.
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Whole-cell current recording was used to assay the activity of
an aptamer (41). The intracellular electrode solution contains
110 mM CsF, 30 mM CsCl, 4 mM NaCl, 0.5 mM CaCl2, 5 mM

EGTA, and 10 mM HEPES (pH 7.4, adjusted using CsOH). The
extracellular buffer contained 150 mM NaCl, 3 mM KCl, 1 mM

CaCl2, 1 mM MgCl2, 10 mM HEPES (pH 7.4). For recording of
the NMDA channels, the intracellular solution contained 140
mM CsCl, 1 mM MgCl2, 0.1 mM EDTA, and 10 mM HEPES (pH
7.2 adjusted by Mg(OH)2), and the extracellular solution con-
tained 2 �M of glycine, 135 mM NaCl, 5.4 mM KCl, 1.8 mM

CaCl2, 10 mM glucose, and 5 mM HEPES (pH 7.2 adjusted by
NaOH). The glutamate-induced whole-cell current was
recorded using an Axopatch-200B amplifier at a cutoff fre-
quency of 2–20 kHz, by a built-in four-pole Bessel filter. The
measured current was digitized at a sampling frequency of 5–50
kHz using a Digidata 1322A instrument from Axon Instru-
ments. All whole-cell recordings were at �60 mV and 22 °C.

Data analysis

The ratio of whole-cell current amplitude in the absence and
presence of an aptamer, A/A(I), was used to plot and compare
the potency and selectivity. In some instances, an apparent
inhibition constant (KI,app, or simply KI) was determined as a
function of aptamer concentration using (Equations 1 and 2)
(41). Equations 1 and 2 were derived based on the assumption
by which an inhibitor binds to one site on the receptor (41). AL2

represents the open-channel conformation. I is the concentra-
tion of the inhibitor, whereas L is the ligand concentration. �
represents the channel opening equilibrium constant.

A

A�I

� 1 � I

�AL2


KI,app
(Eq. 1)

�AL2
 �
�AL2


A � AL � AL2 � AL2

�
L2

L2�1 � �
 � 2K1L� � K1
2�

(Eq. 2)

Furthermore, we measured the KI value of an aptamer for the
closed- and open-channel states of an receptor by using two
ligand concentrations, which corresponded �4% and �96%
fractions of the open-channel state, respectively (41, 44). This is
because when glutamate concentration was low (L �� K1), most
of the receptors in the population were in the closed-channel
state. In contrast, when glutamate concentration was high or
saturating (L �� K1), the majority of the receptors were in the
open-channel conformation. Thus, KI value for a respective
state could be determined by varying the concentration of
glutamate.

Each data point used for an A/A(I) plot was an average of at
least three measurements, each of which was from an individual
cell. Uncertainties refer to the standard deviation from the
mean. The significance of inhibition was evaluated by a one-
sample two-tailed Student’s t test with the assumption that
H0:� � �0 � 1; 1 is the theoretical value of no inhibition. An
asterisk indicates p � 0.05, whereas two asterisks indicate p �
0.01. All analysis, including ANOVA (analysis of variance) and
post hoc Tukey HSD (honestly significant difference) test were
performed using software package R-Studio (version 1.0.136).

RNA digestion assay

An RNA sample (3 �g) prepared in 15 �l of 1� extracellular
buffer was mixed with either 135 �l of HEK-293 cell culture
medium containing 10% FBS or 135 �l of rat CSF (rat CSF was
provided by Dr. Jacqueline Sagen at the University of Miami).
The mixture was kept at 37 °C for the duration of the experi-
ment. Sample aliquots were drawn at specific time points and
mixed with equal volume of the loading dye composed of 95%
formamide, 18 mM EDTA, 0.025% SDS, and bromphenol blue.
The stability of the RNA was examined on a denaturing 10%
urea-PAGE and stained with ethidium bromide. The gel was
digitized, and the relative intensities of the bands were
estimated.
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